INTRODUCTION {#S0001}
============

Tissue regeneration processes are important in all organisms, especially when an organism is injured, but organisms have different tissue regeneration abilities.^[1](#CIT0001)^ Some amphibians re able to regenerate tails and limbs,^[2](#CIT0002)^ while reptiles, especially lizards, are able to regenerate only their tails, following autotomy, and mammals can regenerate neither tails nor limbs. Reptiles are taxonomically positioned between amphibians and mammals,^[3](#CIT0003)^ and lizards are more closely related to mammals than other reptiles. Reptiles and mammals are both classiﬁed as amniotes, and their embryonic developmental processes are similar.^[4](#CIT0004)^ Lizards' autotomous and regenerative abilities are therefore of particular interest in investigations of the biology of tissue regeneration.

The study of lizard limb regeneration has always been very limited in comparison to regeneration research performed on other vertebrates. Lizards are amniotes with a remarkable ability to regenerate amputated tails.^[3](#CIT0003),[5](#CIT0005)^ The skeleton and musculature of lizard tails are segmented in a way that reflects embryonic development, but regenerated tails consist of single unsegmented cartilaginous tubes.^[6](#CIT0006)^ Although lizards' regenerative processes have been previously described, the sources and molecular mechanisms underlying he regenerative process remain unclear.^[5](#CIT0005),[7](#CIT0007)^ The green anole lizard, *Anolis carolinensis*, has emerged as a model organism in which to study lizards' regeneration process.However, while *A. carolinensis* has provided insights in the fields of evolution, population genetics, behavior, and functional morphology, analyses of its gene expression relating to biological processes, including tail regeneration, have been limited.^[8](#CIT0008),[9](#CIT0009)^

The early stage of lizard tail regeneration, around 0--10 days post autotomy, is marked by a wound healing phase. When tissue regrowth attempts to cover the injured area, macrophages activate phagocytosis and consume the apoptotic cells.^[10](#CIT0010)^ During days 10--15 post autotomy, the injured area is covered by a new tissue layer, forming a blastema-cone that contains adult stem cells that create new tissue from blood, muscle, adipose, and connective tissue.^[11](#CIT0011)^ The tail growth phase occurs during days 15--25 post autotomy, when the tissues become more compact and the tail grows longer. Further tissue maturation and scaling occur after day 25 post autotomy.^[5](#CIT0005)^

Vertebrates' tissue regeneration processes vary. Vertebrate tissues contain adult stem cells that play important roles in tissue regeneration, turnover, and homeostasis.^[1](#CIT0001),[12](#CIT0012)^ Regeneration is a very complex process involving cell division, migration, dedifferentiation, and the transdifferentiation of differentiated cells, all of which contribute to regeneration in several different contexts.^[13](#CIT0013)^ These processes require high energy levels, but since environmental oxygen remains constant at 21% vol. regenerating tissue undergoes a state of relative hypoxia. However, it has been shown that multicellular aerobic organisms are equipped with a mechanism to overcome hypoxic conditions.^[14](#CIT0014)^ At the molecular level, aerobic cells have transcription factors that control the expression of genes that can give cells the ability to escape hypoxic conditions. Specifically, two proteins, Hypoxia Inducible Factors 1 and 2 (HIF-1 and HIF-2), can upregulate the expressions of erythropoietin, vascular endothelium growth factor, glycolytic enzymes, Glutathione, and others enzyme.^[15](#CIT0015)^

HIF-1 and HIF-2is a heterodimer molecule that consists of α and β subunits. The β subunit is an aryl hydrocarbon nuclear translocator and is found in the cell nucleus. HIF-1β activity is not affected by hypoxic conditions, while the α subunits (HIF-1α and HIF-2α) induces adaptation to hypoxic conditions. HIF-1α also plays a role in oxygen homeostasis. In normoxic conditions, HIF-1α undergoes hydroxylation at proline residues was produced by HIF-prolyl hydroxylase. Degradation is induced by ubiquitination, and the α subunit is degraded by proteasomes. However, in hypoxic conditions, the hydroxylation process does not occur; instead, HIF-1α and HIF-2α migrate into the nucleus and bind to HIF-β to form HIF-1 or HIF-2, which in turn bind to the promoters of target genes.^[16](#CIT0016)--[18](#CIT0018)^

No description exists in the current literature of the roles played by HIF-1α and HIF-2α in the regeneration of whole lizard tails.The aim of the present study was therefore to analyze the expression of HIF-1α and HIF-2α during the regeneration of house gecko (*Hemidactylus platyurus*) tails after autotomy. mRNA expression and protein synthesis were analyzed on days 1, 3, 5, 8, 10, 13, 17, 21, 27, and 30 post autotomy.

RESULTS {#S0002}
=======

Growth of H. platyurus tails by length during regeneration {#S0002-S2001}
----------------------------------------------------------

The lengths of regenerating house gecko tails were measured between days 1--30 post autotomy. Tails showed a growth pattern of gradual increase with insignificant changes in length from days 1--13 followed by rapid growth with significant changes in length from days 13--21 and a return to slow growth after day 25 ([Fig. 1A](#F0001)). Moreover, there were significant differences in tail length between days 13--17 and also between days 17--21; however, tails were not significantly longer on day 30 than on day 25. Differences between each group were tested with Kruskal-Wallis. *H. platyurus* tail growth and lengths are shown in [Fig. 1B](#F0001).10.1080/15476278.2019.1644889-F0001FIGURE 1The growth of *H. platyurus* tails in centimeters (cm). (A) This figure shows box plots of tail growth on days 1, 3, 5, 8, 10, 13, 17, 21, 25, and 30. Tail growth, as measured by length, was insignificant from days 1--13, but tail length grew significantly from days 13--21. Tail length was also significantly different on day 17 than on day 13 and again between days 17--21. (\*) denotes significance (*p* \< 0,05). Differences were assessed using Kruskal-Wallis (*p* \< .05; *n* = 30). (B) Comparison of lizard tail growth on days 1, 3, 5, 8, 10, 13, 17, 21, 25, and 30.

Analysis of histological {#S0002-S2002}
------------------------

On day 1, the tail tissue was invaded by leucocyte cells, indicating an inflammation process. Erythrocyte cells typically dominate in tissue injuries, and their presence in the injury site here have I cated that there was bleeding in this area. In the tissue area, some cells proliferated in the basal lamina and migrated to form a new epithelial layer covering the injury site. On day 3, ganglion neuron cells had formed and spread in the dermis tissue, but the tissue was still dominated by leucocyte and erythrocyte cells, and the basal lamina cells had continued to spread and migrate to the epithelial layer. On day 5, the epithelial layer had become thicker, and endothelial cells appeared in the dermis tissue layer. On day 8, the newly regenerated tissue s dominated by fibroblast-like cells and neuronal cells. On day 10, cell aggregation was observed, and the structure of the dermis and epidermis layers was more compact. Some stem cells were found in the aggregated cells, indicating the beginning of the blastemal phase ([Fig. 2](#F0002)).10.1080/15476278.2019.1644889-F0002FIGURE 2Histology of tissue regeneration of *H. platyurus* tails with Hematoxylin-Eosin staining on days 1--10 (40 × 10 magnification). (A) On day 1, an epithelial layer covered the injury area (single arrow) and the adipose tissue was under a dermis layer (narrow arrow); leucocyte cells (double arrow) were present. (B) On day 3, ganglion cells were observed in the connective tissue (arrow). (C) On day 5, endothelial cells (single arrow) and fibroblast-like cells (double arrow) were observed in the connective tissue. (D) On day 8, fibroblast-like cells spread in the connective tissue (double arrow) and erythrocyte cells were observed in the blood vessels (single arrow). (E) On day 10, aggregated blastemas (single arrow) were present in the dermis layer and contained adult stem cells. Fibroblast-like cells (narrow arrow) and the blood vessels (double arrow) were present in the dermis layer, which was more compact than on day 10.

Day 13 marked the beginning of the true regeneration phase. The connective tissue in the dermis layer was denser, and there were some ganglion neuronal cells, new blood vessels, new muscle cells, and new adipose tissue. On days 17 and 21, the dermis and adipose tissues continued to become was denser and more compact. The endothelial cells in the dermis layer grew larger and the basal laminal cells became more active and proliferated, forming an epithelial layer. Fibroblast-like cells continued to spread in the connective tissue. Days 25--30 marked the maturation phase. On day 25, red cells were found in the blood vessels. On day 30, tissue regeneration process continue to morphogenesis process and formed a bulge along the edge of the tail. The dermis and connective tissue layers were again more compact, and the tail's regeneration was marked as being complete ([Fig. 3](#F0003)).10.1080/15476278.2019.1644889-F0003FIGURE 3Histology of tissue regeneration of *H. platyurus* tails with Hematoxylin-Eosin staining on days 13--30 (40 x 10 magnification). (A) On day 13, the dermis layer became thicker (single arrow) and there were new adipose (double arrow) and muscle (head arrow) tissues. (B) On day 17, the dermis (single arrow) and adipose (double arrow) tissues were denser and more compact. (C) On day 21, endothelial cells (single arrow) were present in the dermis layer, basal laminal cells (double arrow) were present in the epidermis, and fibroblast-like cells (narrow arrow) were present in the dermis layer. (D) On day 25, the endothelial cells contained red blood cells (double arrow) and the aggregated blastemas were observed in the dermis (single arrow). (E) On day 30, the epidermis formed a bulge along the edge of the tail (single arrow) and the fibroblast-like cells spread within the connective tissue (double arrow).

Analysis of HIF-1α and HIF-2α mRNA expressions and proteins using qPCR and western blot tests {#S0002-S2003}
---------------------------------------------------------------------------------------------

The mRNA expressions of HIF-1α and HIF-2α exhibited different patterns, as shown in the box plots in [Fig. 4](#F0004). HIF-1α mRNA expressions were high on day 1, reached a peak on day 3, and had decreased on day 5; the differences between days 1--3 and 3--5 were both significant. In contrast, HIF-2α mRNA expressions peaked on day 8 and decreased on day 10, but remained higher than HIF-1α until day 17. HIF2-α mRNA expression differed significantly between days 1--3, between days 5--8, and between days 8--10. All differences were assessed using Kruskal-Wallis tests (*p* \< .05; *n* = 30).10.1080/15476278.2019.1644889-F0004FIGURE 4Box plots of HIF-1α and HIF-2α mRNA expressions from days 1--30. mRNA expression was quantitively measured by quantification Polymerase Chain Reaction (qPCR) using the Livak method. All difference tests were conducted using the Kruskal-Wallis method (*p* \< .05; *n* = 30); \* denotes significance. (A) HIF1-α's mRNA expression on days 1--30. There were significant differences between days 1--3 and between days 3--5; expression decreased progressively after day 5. (B) HIF2-α mRNA expression on days 1--30. There were significant differences between days 1--3, between days 5--8, and between days 8--10; expression decreased progressively after day 5.

A curve comparison of the HIF-1α and HIF-2α mRNA expressions shows their differences in expression over time. On day 1, HIF-1α mRNA expression had increased while HIF-2α mRNA expression had not. While HIF-1α mRNA expression peaked on day 3, HIF-2α mRNA expressed increased more gradually. By day 5, HIF-1α mRNA expression had begun to decrease, while HIF-2α mRNA expression began to increase more rapidly until reaching a peak on day 8. Thereafter, HIF-1α mRNA expression continued to decrease until day 30. HIF-2α mRNA expression decreased more slowly and remained relatively high until day 17 ([Fig. 5](#F0005)).10.1080/15476278.2019.1644889-F0005FIGURE 5Comparison of curves for mRNA HIF-1α and HIF-2α expression from day 1--30 in tissue regeneration of *Hemidactylus platyurus* tail.

On the first day, HIF-1α expression is higher than HIF-2α. The expression of HIF-1α reaches its peak on day 3, and continues to decrease until day 5. HIF-2α expression is relatively slower and longer during tissue regeneration. On day 3, the expression of HIF-1α and HIF-2α were relatively high, which indicates that the tissue is in hypoxic state. HIF-2α expression reaches its peak on day 8 and is able to survive in tissue until day 17, related to its function which plays a role in angiogenesis process.

Western Blot test results showed that HIF-2α proteins continued to be expressed until day 13, although the band was thin. HIF-1α proteins appeared on days 1--5 but not on any other days. HIF-2α proteins appeared on days 1--13 but not on other days. HIF-2α's proteins had a molecular weight of 50 KDa, while HIF-1α proteins weighed 52 KDa. Western Blot tests showed the presence of HIF-1α proteins until day 5 ([Fig. 6](#F0006)).10.1080/15476278.2019.1644889-F0006FIGURE 6Results of Western Blot tests of HIF-1α, HIF-2α, and β actin (positive control) proteins from days 1--30. An HIF-1α protein band appeared only on days 1--5; the molecular weight of these proteins was 52 KDa. An HIF-2α protein band appeared only on days 1--13; the molecular weight of these proteins was 50 KDa. β actin proteins were also assessed as a positive control; the molecular weight of these proteins was 40 KDa.

[Table 1](#T0001) shows the ratio of the band intensities of HIF-1α and HIF-2α proteins to β actin, as the positive control, as identified by Western Blot tests. The ratio of HIF-1α proteins to β actin was high on the first 5 days; the curve pattern was identical to the mRNA expression curve. The HIF-1α protein curve peaked on day 3, while the HIF-2α protein curve peaked on day 8; its curve patterns were also identical to its mRNA expression curves ([Fig. 7](#F0007)).10.1080/15476278.2019.1644889-T0001TABLE 1Band intensities of HIF-1α, HIF-2α, and β actin (positive control) proteins on days 1--30, as assessed using Western Blot testsSampleProtein band intensityβ actinHIF-1αRatio of HIF-1α to β actinHIF-2αRatio of HIF-2α to β actinControl196.0420000Day 1177.835256.1491.440214.0941.203Day 3160.442323.0622.013215.8181.345Day 5193.548225.621.165268.5061.387Day 8214.2600388.0251.811Day 10230.18900249.7781.085Day 13212.96400171.120.803Day 17192.4540000Day 21208.8230000Day 25232.7810000Day 30213.7520000 10.1080/15476278.2019.1644889-T0002TABLE 2Primer designs for HIF-1α, HIF-2α, and 18S genesGenesBasesEnd productHIF-1αForward5ʹ CAG GGC GTG GTA GTA TTC GT 3ʹ207 bpReverse5ʹ GAA CCT CCC ATG ACA TGC TT 3ʹHIF-2αForward5ʹ TCC ATG TTA GGC AAA TGC AA 3ʹ248 bpReverse5ʹ ATG AAC ACT GGC CAG GAA AC 3ʹ18SForward5ʹ ACA CGC TCC ACC TCA TCT TC 3ʹ188 bpReverse5ʹ ATC CCA GAG AAG TTC CAG CA 3ʹ 10.1080/15476278.2019.1644889-F0007FIGURE 7The ratio curve of HIF-1α and HIF-2α to β actin (positive control) proteins on days 1--30 using Western Blot tests. HIF-1α proteins were high on the first 5 days while HIF-2α proteins were high on the first 13 days, which corresponded to the entire wound healing phase. HIF-1α proteins peaked on day 3, while HIF-2 proteins peaked on day 8.

Immunohistochemistry of HIF-1α and HIF-2α {#S0002-S2004}
-----------------------------------------

Immunohistochemistry staining showed the distribution of HIF-1α proteins in the nuclei of basal lamina cells, muscle cells, ganglion neuron cells, and fibroblast-like cells. HIF-1α proteins were present on days 1--3 ([Fig. 8](#F0008)). HIF-2α proteins appeared on days 1--13 and were distributed in the nuclei of peripheral nerve cells, fibroblast-like cells, and endothelial cells ([Fig. 9](#F0009)).10.1080/15476278.2019.1644889-F0008FIGURE 8Immunohistochemistry staining of HIF-1α proteins; the magnification is 40 × 10. (A) Mouse renal glomerular tissue (positive control). (B) *H. platyurus* tail tissue regeneration without immunohistochemical staining (negative control). (C) On day 1, HIF-1α proteins were present only in the nuclei of basal lamina cells (arrow) in the dermis layer. (D) On day 3, they had spread to the nuclei of the fibroblast-like cells (arrow). (E) On day 5, they had spread to the nuclei of the ganglion cells (white arrow). 10.1080/15476278.2019.1644889-F0009FIGURE 9Immunohistochemistry staining of HIF-2α proteins; magnification is 40 x 10. (A) Mouse liver muscle tissue (positive control). (B) *H. platyurus* tail tissue regeneration without immunohistochemical staining (negative control). (C) On day 3, HIF-2α proteins were present in the nuclei of the peripheral nerve (double arrow) and fibroblast-like (single arrow) cells. (D) On day 10, HIF-2α proteins had spread to the nuclei of the endothelial cells (arrows).

Figure 9. Immunohistochemistry staining of HIF-2α proteins; magnification is 40 × 10. (A) Mouse liver muscle tissue (positive control). (B) *H. platyurus* tail tissue regeneration without immunohistochemical staining (negative control). (C) On day 3, HIF-2α proteins were present in the nuclei of the peripheral nerve (double arrow) and fibroblast-like (single arrow) cells. (D) On day 10, HIF-2α proteins had spread to the nuclei of the endothelial cells (arrows).

DISCUSSION {#S0003}
==========

Tissue and organ regeneration are important for every organism that experiences an injury.^[1](#CIT0001),[13](#CIT0013)^ However, higher-ordo species have lower regenerative abilities, and lower-order animals must therefore be used to study regeneration. Such regeneration studies typically seek to explore the factors that have important roles in tissue regeneration processes.^[2](#CIT0002),[19](#CIT0019)^ The choice of a specific animal model is also important. In the present study, we used the house gecko (*H. platyurus*) because it has a high regenerative ability yet is taxonomically closer to mammals than are salamanders or fish.^[20](#CIT0020),[21](#CIT0021)^ *H. platyurus* can cast off their tails when threatened, and this autotomy subsequently triggers a tissue regeneration process. *H. platyurus* tails consist of various tissues, including epidermal, dermal, neural, muscle, adipose, bone, and connective tissues.^[22](#CIT0022),[23](#CIT0023)^

Tissue and organ regeneration are complex processes involving cells, proteins, and genes.^[5](#CIT0005),[24](#CIT0024)^ We observed that *H. platyurus* tail regeneration followed a growth curve with three distinct periods. The first 13 days were primarily characterized by wound healing and tail growth was slow. During this period, cells proliferated, differentiated, and migrated, leading to only slight increases in tail length. These findings are consistent with those of Mescher, who found that the beginning of regeneration in mammals consisted of a wound healing phase characterized by proliferation, migration, and differentiation of macrophage, fibroblast, and progenitor cells.^[25](#CIT0025)^ Similarly, a study of cell migration in zebrafish tissue regeneration reported that progenitor cells and cardiomyocyte cells migrated to the heart tube during heart tissue regeneration.^[26](#CIT0026)^ Likewise, another study on the regeneration of house gecko tails found that leukocytes, nerve cells, endothelial cells, and fibroblast-like cells spread throughout the regenerating tissues and that basal lamina cells in the epidermis layer actively proliferated to form an epithelial layer and cover the injury site.^[13](#CIT0013)^

After the wound healing and remodeling phase we observed a tissue regeneration phase, during which tissue growth increased progressively. This was followed by a return to slower growth during a maturation phase, which was histologically characterized by morphogenesis and tissue maturation. This same pattern of a regeneration phase followed by a maturation phase has been reported in green anole lizard (*A. carolinensis*) tail regeneration.^[8](#CIT0008),[9](#CIT0009)^

High cellular activity levels during the wound healing phase require high energy and oxygen levels; however, the atmospheric oxygen supply does not change. As a result, the regeneration process is characterized by a state of relative hypoxia in the regenerating tissues.^[16](#CIT0016),[17](#CIT0017)^ Gauron et al. also observed that the imbalance between oxygen demand and supply causes regenerating tissue to undergo a hypoxic state.^[27](#CIT0027)^ For example, a study about the role of HIF proteins in zebrafish also found that regenerated tissues experience hypoxia.^[26](#CIT0026)^ Similarly, both high energy requirements and hypoxia have been indicated in planarian regeneration, as demonstrated, respectively, by cell proliferation and differentiation occurring in close relation with associated high levels of bioenergetics and by an increase of anaerobic glycolysis rates.^[24](#CIT0024),[28](#CIT0028),[29](#CIT0029)^

Generally, regenerating tissue has been shown to respond to hypoxic conditions by producing a transcription factor, HIF, to overcome hypoxia.^[17](#CIT0017),[30](#CIT0030)^ In the present study, we identified HIF-1α and HIF-2α to overcome hypoxia in *H. platyurus* tail regeneration. Both proteins are essentially dimeric (i.e., HIF-1α and HIF-β for HIF-1, and HIF-2α and HIF-β for HIF-2) and are constitutive. However, both HIF-1α and HIF-2α always degrade in normoxic states and resynthesize only in hypoxic conditions. In other words, when cellular oxygen levels decrease in regenerating tissue, this inhibits HIF-1α and HIF-2α degradation. An hypoxic condition versus *de novo* synthesis of both proteins can be determined by the presence of HIF-1α and HIF-2α mRNA.^[15](#CIT0015),[17](#CIT0017),[31](#CIT0031)^ However, while it is widely agreed that HIF-1α and HIF-2α play critical roles in tissue regeneration and in particular affect cellular response to hypoxic conditions during tissue regeneration, the precise mechanisms and functional effects of HIF-1α and HIF-2α remain a source of significant research across a wide variety of species. HIF-1α, in particular, has received significant research attention.^[31](#CIT0031)^ Weidemann and Johnson reported that HIF-1α stimulates anaerobic metabolic enzymes, namely glucose transporter proteins and gluconeogenesis enzymes, to increase glucose levels. They further showed that anaerobic glucose metabolism was increased by the presence of high levels of lactic acid in the cell; the increased metabolism suggests that HIF-1α decreases the number of metabolic enzymes that are responsive to oxygen.^[17](#CIT0017)^ In a study on the regeneration of amputated distal fingers in mice, Scheerer et al. also found that silencing the HIF-1α gene in myeloid cells inhibited the regeneration of muscle tissue.^[32](#CIT0032)^ Halberg et al. further demonstrated the importance of HIF-1α in the formation of collagen fibers in mouse adipocyte tissue, a synthetic process with high energy needs,^[33](#CIT0033)^ while Murdoch et al. found that HIF proteins regulate a number of genes in macrophage cells during hypoxic conditions.^[34](#CIT0034)^ Semenza and Wang argued that HIF-1α proteins are able to control erythropoietin synthesis and that the tissue regeneration process was ultimately controlled by HIF-1α.^[35](#CIT0035)^ Hu also demonstrated that HIF-1α plays a role in the proliferation of angiogenesis.^[36](#CIT0036)^

Against this background, the present study therefore sought to better understand the role of HIF-1α in the regeneration of *H. platyurus* tail tissues. We observed an immediate increase in HIF-1α expression post autotomy, indicating that HIF-1α is very sensitive to the presence of oxygen. We identified HIF-1α proteins in basal lamina, leukocyte, nerve, and striated muscle cells during tissue regeneration. We suspected that HIF-1α regulates several genes that play a role in tissue regeneration, and some evidence for this was provided by the emergence of endothelial cells after peak HIF-1α expression. Similarly, after HIF-1α expression decreased, some cells in the regenerating tissue became differentiated and formed new tissue. This suggests that HIF-1α stimulates genes that affect the regenerative growth of *H. platyurus* tails, as measured by tail length. Our observations of high expressions of HIF-1α mRNA, as well as of HIF-2α, also indicated that the regenerating tail tissues were in a hypoxic state. In addition, all of the observed processes confirmed the high energy consumption of the regeneration process. It seems plausible that the energy required by the regenerating cells is supplied by HIF-1α proteins stimulating the Erythropoietin enzyme which in turn affects aerobic and anaerobic cellular metabolisms.

Previous research has also implicated a role for HIF-2α in tissue regeneration and cellular responses to hypoxia during the regeneration process. Hu et al. observed that, in stem cells, HIF-2α rather than HIF-1α is needed for the cell's survival in chronic hypoxic conditions.^[36](#CIT0036)^ Lin et al. reported that HIF-2α affects the proliferation of zebrafish liver cells during fin tissue regeneration,^[37](#CIT0037)^ while Patel and Simon asserted that HIF-2α regulates a number of genes needed for tissue vascularization, including the regulation of peptides and angiogenesis.^[18](#CIT0018)^ Koblitz et al. reported the expression of both HIF-1α and HIF-2α in zebrafish embryos; as in our study, they found that HIF-2α appeared later and remained present for longer than HIF-1α.^[16](#CIT0016)^ The relatively longer presence of HIF-2α suggests an effort to maintain the regulatory process of gene expression in tissues and assure oxygen supply.

Given this previous research, our study sought to characterize the role of HIF-2α and its relationship to HIF-1α in *H. platyurus* tail tissue regeneration. We found that that there is a certain amount of coordination between HIF-1α and HIF-2α: while HIF-1α reacted earlier than HIF-2α, HIF-1α decreased when HIF-2α began to increase significantly. Expression of HIF-2α mRNA peaked on day 8, at the same time as endothelial cells and blood vessels spread and formed on the regenerating tissue. We also found HIF-2α proteins in endothelial, basal lamina, and nerve cells.

HIF-1α is more sensitive to tissue oxygen content than HIF-2α, and it is plausible that when tissue oxygen reaches a certain threshold, HIF-2α increases to functionally replace the role played previously by HIF-1α. We also observed that after the expression of both HIF-1α and HIF-2α decreased, the tissue regeneration process entered to the cell regeneration phase and formed new tissue. In addition, the mRNA expressions and protein levels of both HIF-1α and HIF-2α varied between each observation during days 1--30. This rapid variation indicated that the regenerating tissue actively transcribed genes to produce mRNA and synthesize proteins. Further observations of the *H. platyurus* tail regeneration process showed that the regulation dynamics of HIF-1α and HIF-2α expression played important roles in overcoming hypoxia. The tissue's need for oxygen could be fulfilled by either HIF-1α or HIF-2α, both of which at different points stimulated the formation of endothelial cells and blood vessels; this suggests that HIF-1α and HIF-2α are both important in assuring the supply of oxygen and energy needed to support the tissue regeneration processes.

MATERIALS AND METHODS {#S0004}
=====================

Animals {#S0004-S2001}
-------

Ethical permission for the research was obtained from the Fakultas Kedokteran Universitas Indonesia (FKUI) Research Ethics Committee (no. 672/UN2.F1/ETIK/VII/2015). We captured 30 male adult house geckos (*H. platyurus*) from the wild. Each gecko weighed 6--8 g and their snout-vents were 115.0 (+/-- 6.5) mm long. They were housed together in a single glass box (40 x 20 × 30 cm^2^) at room temperature, with 12 hours of daylight and 12 hours of dark per 24 hours. The bottom of the box was covered with dried leaves. The geckos were fed flying insects such as mosquitoes and small cockroaches. Water was provided daily in a small bowl. All animals were treated according to Zoology Laboratories Indonesian Institute of Science (LIPI) protocol.

The geckos were stimulated to autotomize their tails using a standard procedure in which slight pressure was applied to area autotomy (1 cm from hemipenis) until the gecko released its tail. They were divided into ten groups of three geckos each, with each group's regenerating tail tissues removed for analysis at different time points. The first group's tail regrowth was removed on day 1 post autotomy, the second group's tail regrowth was removed on day 3 post autotomy, and the others were removed on day 5, day 8, day 10, day 13, day 17, day 21, day 25, and day 30 post autotomy, respectively. The regenerated tail growths were cut at 2.0 cm from each gecko's hemipenis. Each tail sample was divided into two parts: one part was stored at --80°C for mRNA and Western Blot analyses, while the other part was stored in formaldehyde 70% for Hematoxylin and Eosin staining and immunohistochemistry analysis.

Isolation of total RNAs {#S0004-S2002}
-----------------------

Total RNAs were isolated and extracted from the regenerated tail tissue using the Master PureTM RNA Purification Kit (Epicentre Illumina Company, [www.epibio.com/applications/nucleic-acid](http://www.epibio.com/applications/nucleic-acid) ... kits/rna ... /masterpure-rna-purification-kit). The RNA concentration was determined using a Thermo Scientific varioSCAN Flash microplate reader.

Relative expression of HIF-1α and HIF-2α mRNA using qPCR {#S0004-S2003}
--------------------------------------------------------

The expressions of HIF-1α and HIF-2α mRNA were measured using qPCR with an Eco48 Illumina machine. We isolated 200 ng of total RNA for 20 uL of qPCR reaction and amplified it to cDNA using qPCR and the KAPA SYBR FAST one-step qPCR universal Kapa Biosystems (KK4650) kit. The 18S gene was used as an internal control.

DNA primers for *H. platyurus* for HIF-1α and HIF-2α were not available. We therefore designed a primer using a phylogenetic approach from the house gecko's nearest kin for which primers were available ([Table 2](#T0002)). Tracking the geckos' HIF-1α and HIF-2α genes was achieved using multiple phylogenetic alignment methods. *Gecko japonicus* was used as a referent for the alignment process, which was conducted using the NCBI BLAST method with multiple alignment methods using the ClustalX technique in Mega7 software. We then selected the basic sequence which had the greatest resemblance to its constituent base. Primary DNA analysis was performed using Primer3 software (bioinfo.ut.ee/primer3-0.4.0).

The qPCR reaction mixture consisted of 10 uL SYBR Green qPCR reaction mix; 0.2 uL of each forward and reverse primer; 2 uL of the RNA template; 2.4 uL of nuclease-free water; 0.2 uL of 50x Kapa; and 5 uL of 2x Kapa Reverse Transcriptase.

The protocol for the qPCR from Kapa Biosystem (<https://www.sigmaaldrich.com/catalog/product/roche/>) was as follows: DNA synthesis at 42°C for 5 minutes; inactivation of Kapa Reverse Transcriptase at 95°C for 5 minutes; 40 cycles at 95°C for 10 seconds; annealing for 30 seconds (57°C for HIF-2α and 55°C for HIF-1α); and a 95°C melting curve for 60 seconds. The melting curve was performed to verify the presence of a single amplicon. Non-template control was used as a negative control. The qPCR data were calculated based on the Livak method for PCR^[1](#CIT0001)^, with the expression ratio as follows: $$\begin{matrix}
 & {= \, 2^{- {\lbrack{{Cttarget}{({test})} - {Cttarget}{({calibrator})}}\rbrack} - {\lbrack Ctref}{({test})} - {Ctref(calibrator)\rbrack}}} \\
 & {= \, 2^{- {\Delta\Delta Ct}}} \\
\end{matrix}$$

Quantification was performed by dividing the mean expression value of the hypoxic samples by that of the normoxic samples. The result of that calculation was the number of mRNA expressions that were relatively higher or lower than the control.

Western blot {#S0004-S2004}
------------

Whole-tissue lysates were isolated using 1x Ripa lysis buffer. Lysates (50 ugs) were resolved on an Sodium Dodecyl Sulphate (SDS) 10% polyacrylamide gel. The tissue samples from the regenerated tails were homogenized with a tissue grinder, followed by centrifugation at 5,000 RPM for 15 minutes. HIF-1α proteins were detected in the lysate extract using 1:500 anti-HIF-1α (Rabbit polyclonal, My BioSource, catalog no. MBS241603; [https://www.mybiosource.com/prods/Antibody/Polyclonal/HIF-1α-HIF-1Alpha/HIF-1α/datasheet](https://www.mybiosource.com/prods/Antibody/Polyclonal/HIF-1α-HIF-1Alpha/HIF-1α/datasheet)) and 1:300 anti-HIF-2α antibody (Rabbit polyclonal, Novus Biological, catalog no. NB100-122; <https://www.novusbio.com/products/hif-2-alpha-epas1-antibody_nb100-122>). β actin proteins were used as the positive control at a ratio of 1:4,000 in Phosphate Buffer Saline (PBS) tween solution. The presence of immune complexes indicated the existence of a protein that was detected using common second antibodies: biotinylated anti-rabbit IgG antibody 1:5,000 in PBS tween solution, followed by avidin-HRP 1:10,000 in PBS tween solution. The complexes were revealed by the addition of DAB chromogen (1:10 with buffer). A positive reaction was indicated by the appearance of a black band on the nitrocellulose sheet.

Hematoxylin and eosin staining {#S0004-S2005}
------------------------------

The paraffin-embedded samples were sectioned using a microtome and placed on slides. The slices were dewaxed in xylenes and rehydrated using graded alcohols. The slides were incubated in Harris hematoxylin and washed, then incubated again in acid alcohol and ammonia water followed by a wash, and then washed sequentially in ethanol and counterstained with eosin. The slices were then dehydrated using graded alcohols and xylenes and mounted by their cover slide.

Immunohistochemistry {#S0004-S2006}
--------------------

Immunohistochemistry was performed on the paraformaldehyde-fixed, paraffin-embedded samples according to the manufacturer's instructions (My BioSource and LifeSpan BioScience). Rabbit antibody anti-HIF-1α 1:100 and rabbit antibody anti-HIF-2α 1:300 were used as the primary antibodies. To bind the primary antibody, 4 drops of Trekkie Universal Link (BioCare Medical; <https://biocare.net/wp-content/uploads/STUHRP700>) were used as a secondary antibody. Horseradish Peroxidase (HRP) streptavidin molecules were used as marker molecules to bind to the secondary antibodies. The HRP molecules were detected by chromogen DAB dye and visualized by imageQuant.

CONCLUSION {#S0005}
==========

HIF-1α expression occurred earlier than HIF-2α and also decreased faster because it was more sensitive to the presence of oxygen. HIF-1α played a role in stimulating the proliferation of various cells in the tissue regeneration process. HIF-2α continued to increase over a longer period of time than HIF-1α and took over the functional role HIF-1α in tissue regeneration. HIF-2α was able to adapt to chronic hypoxia because of its role in regulating genes involved in angiogenesis and cell proliferation.
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